The binding of T-cell antigenic peptides to MHC molecules is a prerequisite for their immunogenicity. The ability to identify binding peptides based on the protein sequence is of great importance to the rational design of peptide vaccines. As the requirements for peptide binding cannot be fully explained by the peptide sequence per se, structural considerations should be taken into account and are expected to improve predictive algorithms. The first step in such an algorithm requires accurate and fast modeling of the peptide structure in the MHC-binding groove.
Introduction
The major histocompatibility complex (MHC) molecule binds peptides, the processing products of the protein antigen, and presents them to T cells, an interaction of central importance to the specific immune response. The binding of peptides to the MHC molecule is both specific and promiscuous (reviewed in [1] ). It is specific in the sense that an MHC molecule encoded by a specific allele will bind certain peptides but not others, and it is promiscuous in the sense that different peptide sequences might bind to the same MHC molecule. The ability to predict which peptides along a protein will bind a certain MHC molecule is of great importance, as it will enable the design of peptide vaccines aimed at T-cell immunity. Much effort has therefore been put into attempts to reveal the sequence features that determine which peptides will bind to a certain MHC molecule.
It was shown that the peptides bound to MHC class I molecules are generally 8-11 residues long and restricted at two positions of the sequence (second or fifth and last position). Based on these anchor positions, simple binding motifs have been defined for specific MHC alleles [2] ; however, the compliance of a peptide sequence to such a binding motif is neither sufficient nor necessary to ensure binding [3, 4] . Even more detailed binding motifs, derived from large-scale binding experiments [4, 5] , do not cover the full repertoire of peptides capable of binding to a certain MHC molecule. Considerations on the basis of the sequence level by itself are therefore not sufficient. Indeed, what is needed is an approach that can evaluate the compatibility between a peptide of a certain sequence and the MHC molecule, taking structural considerations into account. A prerequisite for such an approach is a reliable model of the peptide structure in the MHC binding groove. In this manuscript, we present a computer modeling study of the peptide structure in the MHC groove, emphasizing the influence on the prediction of the different parameters that are incorporated in the modeling algorithm.
The large body of structural information regarding the peptide-MHC complex (reviewed in [2, 6, 7] ) helps us to understand how peptides of different sequences bind to the same MHC molecule (see, for example, [8] ). The structures reveal that residues at anchor positions of the peptide fit into corresponding pockets in the MHC groove, and that the peptide backbone is hydrogen bonded to several sidechains of the MHC (see, for example, [9] [10] [11] ). Structures of various combinations of peptide-MHC class I have been solved (Table 1 ; Figure 1) , showing a large degree of conservation, especially for the MHC molecule, and some variability in the peptide structures. A conserved form therefore binds a multitude of different peptides, which rearrange themselves within the imposed constraints. Beyond the intuition gained from the structural information, it can also be used as the basis for modeling studies.
Methods of various degrees of accuracy have been developed to model the peptide structure in the groove [12] [13] [14] [15] , to evaluate the compatibility between a peptide and an MHC molecule [16] [17] [18] , and even to estimate the free energy of binding of a peptide to an MHC molecule [15, 17, 19] . A threading protocol has been applied to select a binding peptide from a protein sequence [16] and to distinguish between binding and nonbinding peptides [20] , using the known structure of an MHC-peptide complex as a general threading template. More refined schemes require a specific structure of each peptide (see, for example, [19] ).
As only a few structures of peptides bound to MHC molecules are known, the first step in a computational scheme that aims to select favorable binding peptides involves the definition of a structural model of the peptide-MHC complex for every peptide to be analyzed.
In this paper, we present a module for prediction of the peptide structure that is fast enough to enable screening of a large number of different peptides. We predict the peptide sidechain conformations based on a given peptide backbone and MHC molecule for 23 peptide-MHC class I complexes with known structure (Table 1) . This is the largest set of MHC complexes that has been studied to date. We then show that the same scheme favorably selects the correct backbone of the peptide from a preliminary set of backbone structures consisting of other known structures of the same allele and peptide length.
We use the molecular modeling package MOIL [21] that employs the OPLS energy function [22] for nonbonded van der Waals and Coulomb interactions. The relative importance of these two types of interactions for a correct prediction was examined. Neither water molecules nor solvation effects are included. The prediction scheme is therefore limited to structure. Prediction of binding is expected to depend more strongly on solvation.
Structure prediction can essentially be described as the search in conformation space with a scoring function, for example a potential energy, to find the correct structure. The performance depends on both the quality of the scoring function and the speed of examining alternative structures. The conformation space cannot be fully enumerated due to its large size. A good prediction method therefore depends on the significant reduction of the conformation space without losing the conformation that represents the correct structure.
The comparison of known structures of MHC-peptide complexes shows that the conformation space of the peptide is restricted by the highly conserved binding groove of the MHC molecule. Approaches that predict the peptide structure have all further reduced the conformation space by dividing the prediction into distinct, independent steps. Rosenfeld et al. [12, 13] first docked the two terminal residues by minimizing simultaneously multiple copies under a mean field approximation (as introduced by Roitberg and Elber [23] ) and selecting a conformation from a highly populated final cluster. In a second step, they have built the loop connecting the anchored positions by scaled bond relaxation [24] . Similarly, Desmet et al. [14] first determined the conformations of the anchor residues and then built the remaining positions that are less conserved. Sezerman et al. [25] determined in a first step favorable conformations for each residue position based on a free energy approximation, and then concatenated them to form a docked peptide conformation.
Even for a given backbone, the prediction of sidechain structures requires the screening of a large conformation space. To gain speed-up we have used a discrete conformation space of reduced size by representing the sidechain structures by a set of rotamers taken from a library (see, for example, [26] [27] [28] ). Still, even when treating the conformation space of the sidechains as discrete rather than continuous, the number of possible combinations remains large. In order to further reduce this number, we exclude the rotamers that collide with the peptide backbone or the MHC and therefore have high local energy. Then we apply the 'dead end elimination' (DEE) algorithm [29, 30] , to eliminate rotamers that cannot be part of the global minimum energy conformation (GMEC). We demonstrate, however, that the use of the DEE is not necessarily essential, as the influence of the peptide sidechain interactions on the structure prediction is rather minor, consistent with the findings of Eisenmenger et al. [31] .
A major focus of this work concerns the use of a representative rotamer library that appropriately spans the conformation space of the peptide sidechains in the MHC groove, and enables successful predictions of the sidechain conformations. Here we demonstrate that a general rotamer library [27] , derived from structures in the Protein Data Bank (PDB) [32] , can be significantly improved by including additional rotamers from the peptides in the solved MHC-peptide complexes; however, when this specific library is tested under cross-validation (by excluding the rotamers from the tested peptide), its prediction power is comparable to that of the general library, indicating that at this state of structural information the advantage of a specific library in predicting a new peptide is limited.
Results

Comparison of different rotamer libraries
Can the conformation space of sidechains of peptides bound to MHC class I molecules be described by a general rotamer library? In other words, is there an advantage in generating a specific rotamer library based on the solved peptide structures in the complexes, compared with a general PDB-based library? In our study, there are 23 peptides containing 162 sidechains to be predicted (excluding Ala, Gly and Pro). Out of these, 17 sidechains cannot be represented by a matching rotamer from the general rotamer library, because they do not lie within a range of 40° of χ 1 and χ 2 of any of its rotamers. A specific rotamer library, which, by definition, contains a matching rotamer for every predicted sidechain, might therefore improve the prediction; however, under cross-validation (i.e. when rotamers derived from the predicted peptide are excluded), 12 sidechains are still unmatched by a library that includes both the general and specific rotamers. Under cross-validation, rotamers that are unique to the specific rotamer library may improve prediction only if they occur in more than one peptide (for example:
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Figure 1
The conserved structure of MHC class I-peptide complexes. The following alleles are presented, superimposed by the MHC α1 and α2 domains. HLA-A2 with a nonamer and a decamer (1hhi and 1hhh, respectively), HLA-Aw68 with a nonamer (aw68), HLA-B27 with a nonamer (b27), HLA-B35 with an octamer (1a1n), HLA-B53 with a nonamer (1a1m), HLA-B8 with an octamer (1agd), H2-K b with an octamer and a nonamer (2vaa and 2vab, respectively), H2-D b with a nonamer (1hoc) and H2-M3 with a nonamer (1mhc). The peptide C α and C β atoms are shown within the trace of the MHC structure. The first and last positions of the peptide are labeled as P 1 and P Ω , respectively.
Folding & Design F7 of 1hhi and F6 of 1hhh, see below), and multiple occurrences of the same rotamer for a given amino acid are expected with the increase in the data.
As indicated above, within a range of 40° of χ 1 and χ 2 , many of the rotamers in the solved complexes are represented in Gen-RL; however, a close inspection of the general and the specific libraries using a more restricted criterion (all ∆χ angles within 20°) shows notable differences between the conformation space sampled by the two libraries. For several amino acid types, only a restricted part of the conformation space spanned by the general rotamer library is actually occupied by peptide sidechains in the complexes: the gauche + region of χ 1 is not observed for Leu, Ser, Val and Gln, the trans region of χ 1 is not observed for His, and χ 1 of Glu occurs only in the trans region. Moreover, the χ 2 angles of Lys are all in the trans region. On the other hand, several regions not covered by the general rotamer library are covered in the specific library; this Figure 2 shows the differences between the specific and general libraries for some amino acids. From all the above, it is clear that the two libraries differ, and a specific rotamer library is expected to allow a better modeling of sidechain conformations of peptides bound to MHC class I molecules.
Prediction of sidechain structure based on different rotamer libraries
First, we would like to verify that the computational scheme we apply succeeds in selecting the correct rotamer when it exists. Indeed, a high level of correct predictions is obtained if the library includes the rotamers based on the solved structures (MHC-pep-RL): 88% of the peptide sidechains (91% of the buried sidechains) are correctly positioned, with an average RMS value of 0.6 Å per peptide (Figure 3a) . Thus, although not 100% of the rotamers are correctly selected, the computational scheme that is used seems to be satisfactory, choosing the correct rotamer for a high fraction of all sidechains.
The buried residues for which the correct rotamer is not selected do not show any common characteristics. Several distinct reasons can be attributed for different mispredictions: deviations from angle and bond equilibrium values of the sidechain conformation in the X-ray structure (for example in I6 of aw68); similar conformation despite different χ angle values (exemplified by K3 of 1agf: the terminal N ζ atoms of the predicted and the X-ray structure are only 1.7 Å apart, despite large differences in the χ angle values); local steric collisions in the original structure (as in V6 in 1hhj: the incorrect rotamer is selected in order to avoid a vdw-collision observed in the X-ray structure between C γ2 and H70 of the MHC structure); inadequate positioning of hydrogen atoms of the MHC structure; and the presence of several rotamers with very similar energy values.
We next turned to examine the general library (Gen-RL): 71% of the peptide sidechains (75% of the buried sidechains) are correctly positioned, with an average RMS value of 1.2 Å (Figure 3a) . From the comparison of the specific and general libraries it seems that the specific library is clearly preferable; however, a rotamer library is of We therefore generated a merged library (M-RL), including the rotamers from both libraries. As expected, the performance of this library without cross-validation is comparable with that of the specific library ( Figure 3a) . Under cross-validation the inclusion of the rotamers from the general library improves the results significantly: 70% of the sidechains are correctly positioned, and for the set of buried sidechains, the performance reaches 78% accuracy, which is somewhat better than the performance of the general rotamer library alone.
An ideal rotamer library is small, but still contains rotamers that match the conformations to be predicted. Clustering close rotamers together (CM-RL) reduces the size of the merged rotamer library from 285 to 185 rotamers, without impairing the performance ( Figure 3 ). Still, the clustered merged library is much larger than the general library (105 rotamers); therefore, although this library might perform slightly better, it is also larger.
Detailed comparison of prediction using a general and a specific rotamer library
In the following, two libraries are used and compared: a specific library, represented by CM-RL, and a general library, Gen-RL. Table 2 contains a detailed summary of the sidechain prediction with these two libraries for every peptide. With the specific library, all (buried) peptide sidechains are correctly predicted for 10 (16) out of 23 complexes, and for 11 complexes the RMS values are smaller than 0.5 Å. Under cross-validation, only in 2 (6) complexes are all (buried) sidechains correctly predicted, although for 7 complexes no change in performance is observed. As stated above, the predictions under cross-validation are very similar to those with the general library: for 12 peptides, exactly the same sidechains are correctly predicted. Table 3 summarizes the correct predictions using the specific and general libraries. We have also evaluated the predictions considering only χ 1 values. Interestingly, by this criterion, the predictions by the general rotamer library are slightly better in comparison to the specific library under cross-validation. under cross-validation and the general library shows that the specific library produces better predictions for some of the larger amino acids (Leu, Lys, Phe and Tyr), but worse predictions for small amino acids (Ser, Thr, but also Asp, Asn and Met). This can be explained by the fact that some sidechains are now better sampled (by including additional, specific rotamers), improving the prediction. For example, Table 3 Peptide sidechain structure prediction: comparison of performance according to different measures. two similar rotamers occur both at the positions F7 of 1hhi (χ 1 = 35°, χ 2 = 89°) and F6 of 1hhh (χ 1 = 40°, χ 2 = 85°). Both positions are correctly predicted with the specific rotamer library, even under cross-validation. For small amino acids such as Ser and Thr, the general rotamer library spans the conformation space well enough. In this case, the additional rotamers represent less probable options. For these residues, there is no advantage of including more rotamers.
Specific rotamer library
HLA-A201 GILgFvFtL 0.4 (1.5) GILgFvFtL 2.1 LLFgypVyV 0.3 (0.4) LLFgypVyV 1.7 ILKepVHgV 0.5 (0.7) ILKepVHgV 0.8 TLTsCnTSV 0.9 (0.9) TLTsCnTSV 0.9 FLPsdFFPSV 0.2 (0.7) FLPsdFFPSV 1.3 MLLsVpLlLg 0.3 (0.4) MLLsVpLlLg 0.4 HLA-Aw68 kTGgPIykR 1.2 (1.5) kTGgPIykR 1.6 EVAPPEyHrK 0.6 (0.6) EVAPPEyHrK 0.5 HLA-B2705 rRIkAiTlK 1.3 (1.3) rRIkAiTlK 1.6 HLA-B3501 VPLrPMtY 2.3 (2.6) VPLrPMtY 2.2 HLA-B5301 TPYdInQmL 1.1 (1.5) TPYdInQmL 1.0 KPIvQYDnF 0.6 (2.1) KPIvQYDnF 1.7 HLA-B0801 GGKkKYkL 0.5 (0.8) GGKkKYkL 0.8 GGRkKYkL 1.0 (1.4) GGRkKYkL 1.4 GGKkKYqL 1.0 (1.2) GGKkKYqL 0.8 GGKkKYrL 0.4 (0.9) GGKkKYrL 0.9 GGKkRykL 0.7 (2.0) GGKkRykL 2.2 H-2K b RGYvYqgL 0.3 (0.6) RGYvYqgL 0.5 FAPGnYPaL 0.5 (0.5) FAPGnYPaL 0.5 SIInFekL 0.1 (0.9) SIInFekL 1.0 SRDhsRTpM 0.2 (2.1) SRDhsRTpM 2.1 H-2D b ASNeNmeTM 1.0 (1.2) ASNeNmeTM 1.0 H-2M3 for-MYFINILtl 0.4 (0.6) for-MYFINILtl
Prediction of sidechain conformation -finding the global minimum energy combination (GMEC)
Here we analyze the contribution of the different steps in the prediction scheme to the determination of the optimal rotamer for each position. On average, over 50% of the rotamers in the enhanced peptide are eliminated by the initial screening. For several positions, this step already defines the predicted conformation: only one, mostly correct, rotamer is left for 13 (19) residues when using the specific (cross-validated) rotamer library. These residues are buried and consist of the following amino acids: Val, Ile, Arg and Phe. There are residues where the initial screen eliminates all possible rotamers (8 cases when using the specific library under cross-validation). In these cases, the threshold energy of the initial screen is enlarged and the prediction is repeated. The initial screen is clearly an important step for the efficient reduction of the number of candidate rotamers.
In the subsequent application of the DEE algorithm, the number of possible combinations is generally reduced to one (exception: 8 combinations are left after application of the DEE algorithm in the prediction of the peptide structure of 1vad based on the specific rotamer library); therefore, no further energy ranking, beyond that given by DEE, is usually needed to determine the GMEC. Note, however, that if only single rotamers are eliminated, that is, the elimination of rotamer pairs is not performed, more combinations are left for 6 (8) and 3 peptides when using the specific (cross-validated) or the general rotamer library, respectively, and in these cases further ranking is necessary.
We conclude that both the initial screen and the application of the DEE algorithm together allow the efficient detection of the GMEC. A specific example is shown in Figure 4 : the prediction scheme of 2vaa, on the basis of the specific rotamer library under cross-validation. The enhanced molecule contains 107 (20 + 22 + 3 + 22 + 13 + 27) rotamers, which can be combined into about 10 7 (20*22*3*22*13*27) different combinations. The initial screen for collisions with the constant frame keeps 35 rotamers, leaving only about 6000 possible combinations. Application of the DEE algorithm on single rotamers immediately identifies the combination of the GMEC.
Determination of best combination of rotamers: the importance of interactions between the predicted sidechains
Do the predicted sidechains of the variant part influence the prediction of each other's conformation, or can each sidechain be determined without considering the others? If the latter is the case, the peptide sidechains could be Research Paper Structure prediction of MHC-bound peptides Schueler-Furman et al. 555 Table 4 Performance of peptide sidechain structure prediction according to residue type. (7) 11 (6) 11 (6) 11 (6) 
*Numbers in parentheses refer to the subset of buried positions. Bold numbers indicate that all residues are correctly predicted. Predictions of the same quality with more than one rotamer library are in italics. † The performance of the specific rotamer library under cross-validation can be compared to the performance of the general library. A residue type that is better predicted with the former or the latter is listed aligned to the left and right, respectively.
predicted one by one in a sequential way without need for evaluation of combinations. An analysis of the contribution of the interactions between peptide sidechains (i.e. the E irjs energy term) to the energy in the predicted structures shows that these are mostly negligible, and that the major contribution comes from the interactions of the peptide sidechains with the constant frame of the peptide backbone and the MHC structure. The few cases of larger energy values of E irjs are restricted to residues in the bulge region, and often involve mispredicted sidechain conformations, partially when no matching rotamer is available. One example is position Y3 of the peptide 1a1m, which lacks any matching rotamer both in the general and the specific cross-validated rotamer library. The interaction of Y3 with Q7 results in a high value of E irjs due to vdw-repulsion.
In view of the small-energy contribution of peptide sidechain-sidechain interactions in general, it is not surprising that the performance does not significantly change with and without their inclusion. Figure 5 compares the results of the predictions with and without inclusion of the peptide sidechain-sidechain interactions (E comb and E nocomb , respectively). As can be seen, the performance does not change significantly, independently of the rotamer library used.
Which residues are affected? The different conditions influence the prediction of only 12, 9 and 8 residues (when the specific library without and with cross-validation and the general library are used, respectively). These residues are mainly located in the central bulge. For example, Y3 of peptide 2vaa is correctly predicted when the exact rotamer is available; however, when the exact rotamer is not included in the library (i.e. for a prediction with the specific rotamer library under cross-validation or the general rotamer library), this residue is only correctly predicted if the sidechain of Y5 is taken into account (see also Figure 4 ). In another example, L3 of peptide 1hhi is only correctly positioned if the sidechain of F5 is taken into account and the library that includes the exact rotamer is used (i.e. the specific rotamer library). F5 is incorrectly positioned if determined after the positioning of L3, when using the specific rotamer library, or the specific rotamer library under cross-validation. In this case, the wrong prediction of L3 conformation leads to the selection of a wrong conformation for F5. When the general rotamer library is used, neither F5 nor L3 is correctly predicted. In this case the rotamers for Phe in the library are apparently not similar enough to the experimentally determined structure. Almost no effect is observed for the terminal positions on both sides: P 1 , P 2 and P Ω (the first, second and last positions, respectively), as well as for most anchor positions. They are fully determined by their interaction with the frame and can be predicted independently of the rest. As a natural conclusion, the binding of a peptide to an MHC molecule can be described as the fitting of anchor positions to the specific pockets, which, in turn, dictates the arrangement of the other peptide sidechains. In order to bind to an MHC molecule, the peptide must both contain compatible residues in anchor residues that can match the specific pockets in the MHC molecule, and also be able to arrange the rest of its positions within the constraints imposed by these matches.
Importance of van der Waals contributions and electrostatic contributions
For 139 out of 162 positions, the prediction is not influenced by the inclusion or exclusion of electrostatic contributions in the energy function (for 123 positions exactly the same rotamer is chosen). This shows that the van der Waals interactions are the dominant contributors to the correct prediction of sidechain conformation, and that the electrostatic interactions rather serve for fine-tuning. Other studies have also reported good results in sidechain prediction with simple functions, which do not consider electrostatic interactions, especially for buried positions [33] [34] [35] [36] . In the case of whole proteins, this is mainly due to the packaging of residues in the hydrophobic core. In our case, the principal determinant of the sidechain conformation is the steric fit of the peptide sidechain into the constant frame. Once a rotamer can be fitted, electrostatic interactions may play a role in determining the optimal conformation. In fact, most (8 out of 11) of the sidechains that are better predicted by including electrostatic interactions are located in exposed positions that are less constrained by the frame.
Selection of peptide backbone
With a prediction tool for the sidechain conformations of the peptide, we can now proceed to the prediction of the peptide backbone. As a first step, we show here that the same energy function that is successful for the prediction of sidechain conformations can be used to select the correct frame consisting of the peptide backbone and the MHC structure.
The set of structures used in this study was divided into subsets according to MHC allele and length of peptide. Several subsets contain more than one entry. Each structure was used to extract a frame consisting of the structure of the peptide backbone and the MHC molecule ( Figure 6 ). For each peptide sequence within a subset, its structure was predicted on the basis of all available frames derived from the same subset. The energy was then used to rank the different frames for compatibility with the peptide sequence. Table 5 shows the ranking of the correct backbone for the 17 different peptide sequences in 6 different subsets. With the specific rotamer library, the correct frame is identified for all peptides (17/17). The performance drops if the correct rotamers are excluded from the rotamer library under cross-validation (13/17), but is still better than the prediction based on the general rotamer library (11/17). The frame selection performs worst for the subset of octamers bound to HLA-B8 (GGKKKYKL [1agd] and four point mutations). This is not surprising because the peptides 1agc-e differ only at one exposed position,
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Figure 5
The influence of peptide inter-residue interactions on prediction accuracy. The sidechain conformations of 23 peptides bound to an MHC molecule were predicted, based on the following energy functions: E comb , a peptide sidechain conformation is predicted with consideration of the other predicted sidechains; E nocomb , the other peptide sidechains are not considered. resulting in very similar backbone structures ( Figure 6 ). As in the prediction of sidechain conformation, the selection of a peptide backbone is only weakly influenced by the interactions between the peptide sidechains ( Figure 7 ).
This shows that a backbone can be correctly selected from a number of candidates; however, this is only a first step towards the prediction of the full peptide structure. The set of backbones must be significantly enlarged in order to present a full backbone library. In its current state, very few and relatively similar frames are used (see Figure 6) . Moreover, as the MHC structure is part of the current frame, it might be that the selection of a frame is due to the MHC and not to the peptide backbone structure. When the backbones are superimposed onto different MHC structures to create combinations of MHC-peptide backbone as candidate frames, the correct backbone is not always chosen. For the subset of nonamers bound to HLA-A2 molecules, the correct backbone is chosen in all four cases, although not always with the corresponding MHC structure. For the octamers bound to HLA-B8 molecules, which show a higher degree of similarity, an incorrect backbone structure is chosen for the peptides of 1agd and 1age.
Discussion
The large body of information regarding the structure of peptide-MHC complexes can be used to model peptides of different sequences into the binding groove. Although the structural conservation seen among the different solved complexes imposes restrictions that limit the conformation space that needs to be searched, a satisfactory predictive algorithm that will be both fast and reasonably adequate is still not at hand. In the current study, we propose an algorithm that succeeds fairly well in predicting the correct peptide conformation, by selecting the backbone from a small set of solved structures and by modeling the sidechain conformation on the basis of a rotamer library. The different parameters that affect the prediction are assessed systematically. Especially, we attempt to find out how the information that we extract from the known structures can improve the predictions. This regards in particular the use of a knowledge-based rotamer library and backbone template set, derived from the known structures of MHC-bound peptides.
Rotamer libraries contain a set of representative sidechain conformations for each residue type, which can be derived from a survey of preferred sidechain conformations in protein structures [26] [27] [28] 37] . They are aimed to speed up the prediction of sidechain structure on the basis of a given backbone by reducing the conformation space that is searched. The optimal size of a rotamer library is a compromise between a small library that allows fast prediction and a large library that contains more rotamers, increasing the chance of matching the conformations to be predicted, but at the same time increasing the pool out of which the correct rotamer is selected. Extension of a rotamer library can be achieved in two ways: the rotamer library can be derived from a larger set of protein structures, or rotamers within a specified range can be added to the already defined set. This usually improves the quality of prediction, but only to a limited extent [33, 36, [38] [39] [40] .
The general rotamer library in this work is represented by the original rotamer library of Tuffery and colleagues [27] . This group has recently built an extended rotamer library (214 rotamers, compared to 110 rotamers in their original library) [40] , which essentially allows a more detailed presentation of the large sidechains that are defined by many χ angles (for example Lys and Arg), and of some badly clustered χ angles (for example χ 2 of Asn and Asp). We have compared the performance of the two libraries for predicting the peptide's sidechain conformations when bound to the MHC groove. As expected from a larger library, the number of residues without any matching rotamer is reduced (from 17 to 9); however, only five of these residues are now correctly predicted, and the overall percentage of correctly predicted sidechain conformations is even slightly lower than with the smaller library. The amino acids that are predicted less well are Arg, Lys and Leu, the latter at the anchor position P 2 of HLA-A2 (data not shown). We conclude that the extended library does not outperform the previous one and therefore prefer to use the original library, which is smaller.
Several approaches try to make the rotamer library more specific to the environment of the residue to be predicted. Dunbrack and Karplus [28] have constructed a backbonespecific rotamer library, which contains for each residue type the most probable sidechain conformation for a given backbone conformation (i.e. φ,ψ-dependent χ values). By another approach, the general rotamer library is refined by adding position-specific information from homologous aligned structures [41] [42] [43] [44] . Accordingly, the number of candidate rotamers for a predicted sidechain conformation is small, and correct modeling can be achieved relatively quickly. Here we have investigated a similar approach that attempts to reduce the number of rotamers, still selecting the correct one: we have created a rotamer library that is specific for a family of structures. This specific rotamer library includes sidechain conformations encountered in peptides bound to MHC class I molecules. Note that, in contrast to the homology-based approaches of [41] [42] [43] [44] , our library is not position dependent, and no alignment is therefore necessary.
Comparison of the general and the specific rotamer libraries shows that the conformation space of peptides in the MHC groove is distinct from the general conformation space of protein sidechains. The specific library is therefore expected to be advantageous for the prediction of the peptide sidechains, provided that the known complex structures are representative of this family. Some subtle differences can be observed between the conformational preferences of the protein sidechains in our dataset and the overall preferences [37, 45] . The general preference for χ 1 values is gauche -, with the exception of Ser and Val which prefer gauche + and trans values, respectively. The preference of Ser for the gauche + conformation is explained by its ability to create a hydrogen bond with the backbone [37, 45] . The peptide sidechain conformations predicted in this study do not show this exceptional behavior for Ser and Val. The only occurrence of Ser in the gauche + region is in 1hhh S4 with χ 1 = 17°, an uncommon value at the border of this region, and no hydrogen bond is formed with the backbone. On the other hand, a preference for the trans conformation is observed for several residue types (especially for Glu, somewhat also for Lys, Gln, Asp and Phe).
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Rank Specific rotamer library
*First screening eliminates all backbones, therefore the cutoff of the screening is increased.
The preferred combination of χ 1 and χ 2 values in this study is similar to the general survey, including the relatively frequent occurrence of Leu with χ 1 = gauche -and χ 2 = gauche + , despite the resulting steric repulsion due to a syn-pentane effect [46] . It should however be mentioned that the dataset in this study is relatively small, and for several residue types such a comparison is not very significant.
When exact rotamers are available, prediction is good, but when the rotamers available are only approximate, prediction is significantly lower. This might be an inherent problem of rotamer libraries, because they are not fully representative: the rotamericity, defined as the percentage of sidechains in a sample of residues that can be represented by a rotamer in the library is not 100%, and does not improve dramatically when the rotamer library is enlarged: systematic outliners occur, and the distribution of sidechain conformations is not uniformly distributed around average values [47] . With a general rotamer library, the rotamericity of our sample is lower than 90%, and it improves to 93% with the specific library, which is comparable to 94%, the value obtained for analyses of larger sets of proteins [33, 38] .
The specific library improves prediction by roughly 15% ( Figure 3a) ; however, under cross-validation, the performance drops back to low levels, and, even when the two libraries are combined, the prediction is only slightly better than prediction on the basis of a general rotamer library (Figure 3b ). It should be noted that not all studies that examined rotamer libraries tested them under crossvalidation. Our results without cross-validation are also much better. Still, as our dataset is relatively small, the test under cross-validation is essential in order to evaluate in an unbiased way the prediction power of the library. We expect that the accumulation of more structures of peptide-MHC class I complexes will make the specific rotamer library less sensitive to cross-validation, because unique sidechain conformations in the family of peptides bound to MHC class I molecules will occur in more than one peptide and the rotamer that represents them will not be excluded (see the example in the Results section).
The residue types that are predicted worse with the specific rotamer library are Thr and Met, and with cross-validation, also Ser, Asp and Asn (Table 3 ). These are the residues that have been observed to have sidechain conformations that cluster less well together in surveys of sidechain conformations in proteins [26, 37, 45] . For these residues we could have expected that the addition of rotamers would improve the prediction. Instead, more alternative conformations are available for a residue that was poorly defined from the beginning, and the performance is lowered. In this case, no improvement has to be expected with the enlargement of the specific rotamer library.
Various methods for sidechain prediction have been presented (reviewed in [48] ). Common measures of the prediction quality are the RMS deviation and the percentage of predicted sidechain conformations with χ 1 and χ 2 angles within 40°of the X-ray structure. According to the latter, the performance of our method is comparable to other methods that predict sidechain conformations, but an exact comparison is not appropriate because we do not predict the structure of a whole protein here, only the structure of the peptide bound to an MHC molecule.
As in other predictive schemes tested on whole proteins, Ser and Asn are poorly predicted here, even when the correct rotamer is available. The energy function gives a similar energy value to several Ser sidechain conformations and is not able to select the correct one. Interestingly, Bower et al. [33] report that the addition of a hydrogen-bonding term to their energy function that contains only an approximated vdw-term decreases the performance for Ser. Even in highly similar structures, the conformation of Ser is not conserved [44] . An adequate prediction of the Ser sidechain conformation is therefore currently not possible. The performance of Asn has been reported to worsen when the rotamer library is enlarged [40] , or a more specific backbone dependent library is used [33] . Asn has a χ 2 angle that shows no clear preference for distinct rotamers, and especially at exposed positions it is not restricted to one defined conformation. As a consequence, for 3 out of 8 positions with Asn in the set of predicted peptide sidechains our rotamer library has no matching entry under cross-validation. Moreover, most energy functions are not able to tell the two different plane conformations apart.
Figure 7
The influence of peptide inter-residue interactions on the correct selection of the peptide backbone. The frame that results in the prediction with the lowest energy was selected. The sidechain conformations of the peptides were predicted based on the same energy functions as in Figure 5 (E comb and E nocomb ). The influence of the interactions between peptide sidechains on the determination of the sidechain conformations is controversial. Traditionally, most algorithms included the interactions between sidechains; however, several studies suggested that the sidechain-mainchain interactions determine to a large extent the structure of the protein sidechains, whereas the influence of sidechain-sidechain interactions is less important [31, 33, 35, 36, 38] . Still, De Maeyer et al. [39] show that in a significant part of the positions, the GMEC rotamer is not the rotamer with the lowest energy of interaction with the protein backbone. In our case, almost no influence of the sidechain-sidechain interactions is observed ( Figure 5) , with some exceptions in the central bulge region. This can be related to the structure of the peptides, resulting in minor contacts among peptide sidechains, which interact preferentially with the MHC structure or point into the solvent. Here we predict the structure of the peptide sidechains within the context of the whole MHC molecule. The structures of sidechains of the MHC show a large degree of conservation and at this stage are therefore included in the template upon which the prediction is performed. We conclude that within this context, this frame defines the peptide sidechain structure. This also suggests that predictions on the basis of the local backbone conformation only would not be satisfactory. Following step 1 in [33] , a prediction of the peptide sidechain conformations for a residue type in a given φ,ψ range (based on choosing the most frequent rotamer from a backbone-dependent rotamer library [28] or, if not available, from the backboneindependent library) would result in only 47.5% (77 of 162 positions) correct predictions.
Several groups have analyzed the influence of deviations from the exact backbone structure on the performance of the prediction of sidechain conformations [33, 40, 49] . The overall conclusion from these analyses is that a sidechain structure prediction of lower, but still satisfying, quality can be achieved if a backbone from a structure with a reasonable degree of sequence identity (more than 30% [33, 50] ) is available. Expressed in terms of RMS deviation, this corresponds to an RMS deviation of up to 2.0 Å for backbone atoms [50] or C α atoms [40] . Thus, for the prediction of a protein structure one may model the sidechain conformations upon a backbone structure of a homologous sequence; however, for the prediction of the peptide structure only, there is a need for an exact backbone structure, since even within the range of 2.0 Å mentioned above the sidechains can point in completely different directions ( Figure 6 ); for example, in nonamers bound to the HLA-A2 allele, V6 (Val at position 6) points outwards in peptide 1hhi and inwards in peptide 1hhj [8] . In octamers bound to HLA-B8 alleles, C β of position 3 points in a different direction if Lys is replaced by Arg (1agb) [51] , because the latter cannot be accommodated upon the backbone of octamers that originally contain Lys at this position. It is therefore important to determine an accurate backbone structure for the prediction. Here we show that in most cases we are able to select the correct backbone structure from a set of different frames.
A modeling algorithm for peptide structure in the MHC groove can serve as the first step in predictive schemes that attempt to select favorable binding peptides to a given MHC molecule. Several modeling algorithms for peptide structure in the MHC groove have been developed [12] [13] [14] [15] , showing that it is possible to achieve a fairly accurate prediction, using less a priori structural information than in this study.
All of these algorithms were tested on only one or several peptides, so it is difficult to carry out a systematic comparison. Also, the other approaches attempted to predict the backbone and sidechain structure, and since we tested only the sidechain prediction under cross-validation, only such comparison would be adequate. Indeed, for the peptides that were tested in those studies, our prediction accuracy for sidechain conformation is comparable.
In order to screen a large number of peptides, either from a peptide library, or along a protein antigen, such an algorithm should be fast. Whereas the other approaches are time consuming, the algorithm presented here is fast, as it efficiently scans the conformational space by using a rotamer library and a set of given backbones. Our analyses assess the usefulness of this approach by testing it under cross-validation. The test under cross-validation is possible for the rotamer library, and the resulting drop in performance indicates that currently it is not representative and suggests that as more structures are available it might improve. The current available backbone structures should be enriched by a systematically created library of backbones. This would allow testing of the prediction of the correct backbone structure under cross-validation in a similar way as done for the rotamers.
Materials and methods
Structures
The structures of 23 different MHC class I peptide complexes (Table 1) were extracted from the PDB [32] or provided by the authors (see Table 1 for references). This set was divided into subsets according to the MHC allele and the length of the peptides. Six subsets contain more than one entry: HLA-A2, nonamers (4 entries); HLA-A2, decamers (2 entries); HLA-B53, nonamers (2 entries); HLA-B8, octamers (5 entries); H-2K b , octamers (2 entries); and H-2K b , nonamers (2 entries). An additional structure (1ld9 [52] ) that we became aware of after completion of this study was not included in our analysis.
The structure of the complex was divided into two parts: the peptide sidechains and the frame, consisting of the MHC molecule (the α 1 and α 2 domains that compose the binding groove) and the peptide backbone. The conformations of the peptide sidechains were used to build a specific rotamer library (see below). The frame was used as scaffold upon which the peptide sidechain conformations were predicted according to a specified peptide sequence. The MHC sidechains of the frame were kept fixed, because their conformations have been shown to be largely conserved. The few sidechains that show significant conformational differences when binding different peptides could be captured by the different frames. For consistency, no water molecules were included in the structure, as not all complexes contain water molecules.
Rotamer libraries
The presentation of the possible sidechain conformations by a restricted set of rotamers allows the use of a discrete, significantly narrowed, conformation space. Several rotamer libraries were used for structure prediction. One general rotamer library (Gen-RL; 105 rotamers) derived from a representative set of known structures [27] was used. Three specific rotamer libraries were used: MHC-pep-RL -constructed from sidechain conformations observed in peptides bound to MHC class I molecules; a merged rotamer library (M-RL; 285 rotamers) -generated by merging Gen-RL and MHC-pep-RL; and a clustered merged rotamer library (CM-RL; 185 rotamers) -constructed from M-RL by clustering close rotamers, so that there are no two rotamers that differ in their χ angles by less than 20°. The cluster was represented by a single rotamer with average χ values. For Leu and Tyr, 3° and 10° differences, respectively, were used to build a cluster; this was found to give the best results.
The specific rotamer libraries were also assessed under cross-validation, in a leave-one-out procedure that excludes in each prediction rotamers that originated from the predicted complex. The peptides bound to HLA-B8, 1agb-1agf, are all identical except at one position; therefore, the rotamers derived from all these peptides were excluded under cross-validation.
General prediction scheme for peptide sidechains
The prediction was performed in the following basic steps (see Figure 8 ):
Build an enhanced molecule. Based on the constant frame and the sequence of the peptide, add at every position all rotamers from a library of sidechain conformations.
Determine the global minimum energy conformation (GMEC).
I. Reduce the number of combinations that could be the GMEC.
(i) Initial screen: exclusion of rotamers that do not fit the constant frame. Rotamer r at position i is excluded if E ir > 30 kcal/mol. The initial screen includes only vdw interactions. If no rotamer is left, the cut-off is enlarged.
(ii) Application of DEE -exclusion of rotamers that cannot be part of the minimum energy combination: Rotamer r at position i can be excluded if there exists another rotamer t at this position, which for every possible combination of other rotamers at other positions, j, has a more favorable energy, that is:
where E ir and E irjs represent the energy terms for the interaction of a rotamer r at position i with the constant frame and with a rotamer s at position j, respectively (see below). This step is iterated until no more rotamers are excluded. If more than one combination of rotamers is left, the DEE algorithm might be applied to rotamer pairs, as described in the following step.
(iii) Application of DEE -exclusion of rotamer pairs that cannot be part of the minimum energy combination. A pair of rotamers r and s at positions i and j, respectively, can be excluded if there exists another pair of rotamers u and v at these positions, which for every possible combination of other rotamers at other positions, k, has a more favorable energy, that is:
where ε irjs and ε irjs-kt are defined as following:
Once this step has been performed, it is checked if further rotamers can be eliminated (either because only one combination of rotamers pairs is left at two positions, or because all combinations that involve a certain rotamer have been excluded). If this is the case, further rotamers might be excluded by returning to the previous step (application of DEE to single rotamers).
II. Select the GMEC. Determine the energy of the remaining combinations (if more than one combination is left), and select the combination with lowest energy.
Energy function:
The GMEC was selected based on a simple and general energy function used in MOIL [21] . Since sidechains were built with equilibrium values for bonds and angles (based on the AMBER force field, [53] ), only nonbonded interaction terms were included:
where E ele and E vdw are electrostatic and vdw interactions, respectively, with parameters from the OPLS force field [22] . A distance cut-off of 9 Å was used for vdw interactions, since this does not influence prediction results. No distance cut-off was applied to electrostatic interactions since this reduces prediction accuracy. The degree of sensitivity to a cut-off depends on the dielectric medium that is used. Here, a distance-dependent dielectric (ε = r) was used. This was found to give slightly better results than predictions based on a dielectric constant of General prediction scheme. 
MHC
Peptide backbone ε = 1, 10 or 50 (up to 3% improvement in correct performance, data not shown), and to be more robust in regard to the introduction of a distance cut-off for electrostatic interactions. Of course the distancedependent dielectric is an empirical adjustment and has no clear connections to the physical interactions.
The energy is composed of E i , the interaction of rotamers with the constant frame and E ij , the interaction between the peptide sidechains at different positions:
where E ir and E irjs , represent the energy terms for the interaction of a rotamer r at position i with the constant frame and with a rotamer s at position j, respectively. The energy is summed up over all k positions for which the sidechain conformation is predicted.
The importance of the interactions between peptide sidechains was assessed by comparing the following functions: E comb = Σ i E i +Σ i Σ j>i E ijall possible combinations of rotamers are evaluated; and E nocomb = Σ i E ithe interactions between the different peptide sidechains are not considered (additive energy function), and the optimal rotamer is determined separately at every position.
For the selection of the correct frame, the same energy function was used. In order to compare different peptide backbones, the full energy of interactions between the peptide and the MHC molecule must be evaluated and compared. In this case, a further energy term must be added to account for the constant part of the frame: E′ = E+E frame , where E frame includes the interactions between the peptide backbone atoms and between the peptide backbone and the MHC molecule. The internal energy of the MHC molecule is assumed to be constant and omitted. This assumption is justified since the structure of the MHC molecule changes little upon the binding of different peptides. Similar results are obtained when E and E′ are used for the selection of the correct backbone and therefore E is used in this study.
Evaluation of performance
The performance of the structure prediction was assessed in two ways:
1. χ value. The prediction of a sidechain conformation is considered correct if both ∆χ 1 and ∆χ 2 are within 40° of the corresponding χ angles in the solved structure. The total performance is given by the percent of correctly predicted sidechain conformations. The performance is evaluated both for all the predicted sidechains and for the buried sidechains only.
2. RMS between the prediction and the experimentally determined structure.
Definition of buried positions
The accessible surface area of a sidechain X was determined by ACCESS (based on the method of Lee and Richards [54] ). The percentage of the surface area that is accessible to the solvent was obtained by dividing the accessible surface area by the total surface area of a sidechain in an extended conformation in the tripeptide GXG [55] . A position was defined to be buried if less than 30% of its surface is accessible to the solvent.
Explicit placement of hydrogen atoms
Hydrogens were added to the structure according to equilibrium values from the AMBER force field [53] (CH n groups are modeled as point masses). The dihedral angles of nonuniquely defined atoms (H γ of Ser and Cys, H γ1 of Thr, H ζ1 of Lys, H η of Tyr and an N-terminal hydrogen) were defined as follows: for the atoms in the constant part (i.e. the frame) the positions were iteratively optimized by finding the best angle for each position out of angles varied every 30° until convergence. For the atoms in the enhanced part (i.e. the predicted sidechains), several rotamers were included to account for several possibilities: 3 for Ser, Cys and Thr (gauche + : 60°, gauche -: -60° and trans: 180°), 2 for Lys (0°and 60°) and 2 for Tyr (0°and 180°).
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